We determined the probability of individuals having the 'optimal' mitochondrial biogenesis related endurance polygenic profile, and compared the endurance polygenic profile of Israeli (Caucasian) endurance athletes (n = 74), power athletes (n = 81), and non-athletes (n = 240). We computed a mitochondrial biogenesis related 'endurance genotype score' (EGS, scoring from 0 to 100) from the accumulated combination of six polymorphisms in the PPARGC1A-NRF-TFAM pathway. Some of the variant alleles of the polymorphisms studied were so infrequent, that the probability of possessing an 'optimal' EGS (= 100) was 0% in the entire study population. However, the EGS was significantly higher (P b 0.001) in endurance athletes (38.9 ± 17.1) compared with controls (30.6 ± 12.4) or power athletes (29.0 ± 11.2). In summary, although the probability of an individual possessing a theoretically 'optimal' genetic background for endurance sports is very low, in general endurance athletes have a polygenic profile that is more suitable for mitochondrial biogenesis.
Introduction
Besides decreasing mortality and disability in late life (Chakravarty et al., 2008) , one of the numerous health benefits of regular aerobic (endurance) exercise is improved skeletal muscle capacity for oxygen consumption, which is a direct result of higher mitochondrial content (Hood, 2009) . However, the underlying mechanisms which explain exercise-induced mitochondrial biogenesis remain to be clearly elucidated. This is a question of broad interest as mitochondrial biogenesis is critical for the normal function of cells, and mitochondria are both the target and source of radicals in cells, as well as one of the most important organelles for understanding the ageing process (Vina et al., 2009) . Mitochondrial synthesis is stimulated by the peroxisome proliferator-activated receptor γ coactivator 1α (PPARGC1A)-nuclear respiratory factor (NRF)-mitochondrial transcription Factor A (TFAM) pathway. Briefly, the peroxisome proliferator-activated receptor delta (PPARD) induces promotion of PPARGC1A (Berger and Moller, 2002) , which is the first stimulator of mitochondrial biogenesis. The NRF1 and NRF2 are intermediate transcription factors that stimulate the synthesis of TFAM, and the latter is the final effector activating the replication of mitochondrial DNA molecules (Garesse and Vallejo, 2001; Kanki et al., 2004; Larsson et al., 1998a,b) . Growing interest has focused on elucidating the factors that can affect the PPARGC1A-NRF-TFAM pathway. Physical inactivity and ageing affect this pathway, leading to reduced muscle aerobic capacity, increased tendency for mitochondrially mediated apoptosis, and muscle sarcopenia (Hood, 2009) . Regular exercise, however, can ameliorate this metabolic dysfunction, improve endurance, and help maintain muscle mass (Vina et al., 2009) while reducing disability and mortality in late life (Chakravarty et al., 2008) .
Genetic variants in the PPARGC1A-NRF-TFAM pathway genes, per se (or in combination with exercise) can also have an effect. For instance, the functional C294T (rs2016520) polymorphism in the PPARD gene and the Gly482Ser (rs8192678) polymorphism in the PPARGC1A gene may play a key role in mRNA and/or protein activity. The C allele of the PPARD C294T polymorphism (located in exon 4) is associated with higher transcriptional activity of the PPARD promoter, by inducing a binding site for the Sp-1 transcription factor (Skogsberg et al., 2003) . The minor PPARGC1A Ser482 allele is associated with lower muscle PPARCG1A mRNA (Ling et al., 2004) and with lower endurance exercise capacity (Lucia et al., 2005) . The G allele of the A/G variant in intron 3 of the β 1 subunit of the NRF2 gene (rs7181866) is associated with endurance athletic status (Eynon et al., 2009d) and with the maximal oxygen uptake response to endurance exercise training (He et al., 2008) . However, and despite the essential role of TFAM in transcription and replication of mammalian mitochondrial DNA [in fact the TAFM knockout mouse model exhibits depletion of mtDNA and abolished oxidative phosphorylation (Larsson et al., 1998a,b) ], we recently found no association between three polymorphisms in the TFAM gene (rs1937, rs2306604 and rs1049432) and aerobic exercise capacity at the pre-training state or in response to endurance training (He et al., 2007) .
To better understand how genetic factors modulate mitochondrial biogenesis, elite endurance athletes represent a somewhat unique model of study. These individuals have undergone extreme physiological adaptations (e.g., in muscle oxidative capacity, as a result of increased mitochondrial content) that are likely to be the consequence of years of training as well as of the interaction between exercise training and a favorable polygenic profile (i.e., a combination of 'endurance-oriented' genetic variants), which is yet to be identified (Ruiz et al., 2009 ).
In the present study we computed the theoretically optimal endurance polygenic profile associated with mitochondrial biogenesis in a Caucasian population from Israel. We selected six polymorphisms in the PPARGC1A-NRF-TFAM pathway genes that are known to be associated with endurance exercise performance capacity: (i) NRF2 A/ C (rs12594956) (Eynon et al., 2010) ; (ii) NRF2 A/G (rs7181866) (Eynon et al., 2009c; He et al., 2008) ; (iii) NRF2 C/T (rs8031031) (Eynon et al., 2010) ; (iv) peroxisome proliferator-activated receptor alpha (PPARA) intron 7 G/C (rs4253778) (Ahmetov et al., 2006; Eynon et al., 2009a) ; (v) PPARD C294T (Eynon et al., 2009b; Skogsberg et al., 2003) ; and (vi) PPARGC1A Gly482Ser (Eynon et al., 2009b; Lucia et al., 2005) .
Our purpose was twofold. First, we determined the probability that individuals might possess the 'optimal' mitochondrial biogenesis related endurance polygenic profile. Second, we compared the endurance polygenic profile in Israeli (Caucasian) endurance athletes, power athletes, and healthy non-athletes (controls). We also investigated whether the 'elite' athletes (international level) had a more favorable endurance polygenic profile than the 'sub-elite athletes' (national-level). We hypothesized that the mitochondrial biogenesis related endurance polygenic profile would be better in endurance athletes than in the other study participants, and that elite endurance athletes would also have a better profile that their national-level peers.
Material and methods
The study was approved by the Helsinki Committee of the Hillel-Yaffe Medical Center, Hadera, Israel. A written informed consent was obtained from each participant. The study conformed to the standards set by the latest revision of the Declaration of Helsinki.
Participants
One hundred and fifty-five track and field athletes (119 men and 36 women, age = 35.9 ± 12.2 yrs) volunteered to participate in the study. Athletes were included in the study sample only if they had participated in national/international track and field championships.
Athletes were divided into two main groups: (i) an endurance-type group that included 74 (60 men) long distance runners whose main events were the 10,000 m run and the marathon, and (ii) a power type group that included 81 (59 men) sprinters whose main event was the 100-200 m dash (Table 1) .
According to their individual best performance, athletes within each group were further divided into two subgroups: elite-level, i.e. those who had represented Israel in world track and field championships or in the Olympic Games [28 men (13 endurance), and 18 women (7 endurance)]; and national-level [91 men (47 endurance) and 18 women (7 endurance)] ( Table 1) .
The control group included 240 non-athletic healthy individuals (170 men and 70 women, age = 26 ± 3 yrs) who were randomly selected from the Israeli population. Controls were not engaged in physical activity on a regular basis. All subjects, athletes and nonathletes, were Israeli Caucasians for ≥ 3 generations, with an equivalent ratio of Jews coming from Arab countries (non-Ashkenazi) and Jews coming from Europe (Ashkenazi) in each group (2:1 ratio, respectively).
Genotyping
Genomic DNA was extracted from peripheral EDTA treated anticoagulated blood using a standard protocol. Genotype analyses were performed as explained below in the Genetics and Molecular Biology Laboratory of the Zinman College of Physical Education and Sport Sciences at the Wingate Institute, Netanya, Israel. To ensure proper internal control, for each genotype analysis we used positive and negative controls from different DNA aliquots which were previously genotyped by the same method according to recent recommendations for replicating genotype-phenotype association studies (Chanock et al., 2007) . For all polymorphisms, we used the polymerase chain (PCR) reaction and the resulting restriction fragment length polymorphism (RFLP) analysis was scored by two experienced and independent investigators who were blind to subject data.
Information on the primers, PCR annealing temperature, restriction enzyme, and fragments obtained for each allele, respectively, for all studied polymorphisms is shown in Table 2 .
Probability of having an 'optimal' polygenic profile for mitochondrial biogenesis in the Caucasian (Israeli) population
We calculated the probability of any given Caucasian (Israeli) individual possessing every 'optimal' genotype for one up to all six polymorphisms by using the typical frequency of 'optimal' genotypes observed in an Israeli (Caucasian descent for ≥ 3 generations) population ( Table 3 ). The studied polymorphisms were ranked in alphabetical succession based on their official symbols. Based on the observed typical frequencies of the 'optimal' genotypes, we produced a scale indicating how the probability of possessing an 'optimal' genetic profile for mitochondrial biogenesis decreases as the number of polymorphisms included in the profile increases. 
Mitochondrial biogenesis related endurance genotype score determination
We computed the combined influence of all six polymorphisms studied following the model used elsewhere (Ruiz et al., 2009; Ruiz et al., 2010; Williams and Folland, 2008) .
First, we scored each genotype within each polymorphism (Table 3) . We assumed an additive model (equaling 0, 1 or 2), that is, on the basis of the number of alleles associated with higher potential for mitochondrial biogenesis that were carried by each subject for each polymorphism. Thus, we assigned a genotype score (GS) of 2, 1 and 0 to each individual genotype theoretically associated to highest, medium or lowest potential for mitochondrial biogenesis, respectively.
Second, we summed the GS of each single genotype (GS NRF2 A/C + GS NRF2 A/G +GS NRF2 C/T +GS PPARA intron 7 G/C +GS PPARD T294C + GS PPARGC1A G482S ), which allowed us to construct and 'endurance GS' (EGS).
Third, the EGS was transformed to a 0-100 scale for easier interpretation, as follows: EGS = (100/12) ×(GS NRF2 A/C +GS NRF2 A/G + GS NRF2 C/T +GS PPARA intron 7 G/C +GS PPARD T294C +GS PPARGC1A G482S ) where 12 is the result of multiplying 6 (number of studied polymorphisms) by 2, which is the score given to the 'optimal' or preferable genotype. An EGS of 100 represents an 'optimal' polygenic profile for mitochondrial biogenesis-that is, that all GS are 2. In contrast, an EGS of 0 represents the 'worst' possible profile for mitochondrial biogenesis, that is, all GS are 0.
We created a data set of 50,000 hypothetical Israeli individuals, each with a randomly generated polygenetic profile (for all six polymorphisms) based on the frequency of each genotype for the Israeli population observed in our laboratory (Table 4 ). Finally, we examined the distribution of EGSs within this virtual population.
Statistical analysis
We calculated the mean the EGS obtained in the three studygroups. We compared the EGS of endurance, power athletes and non-athletes (controls) with one-way analysis of variance (ANOVA), and used Tukey post hoc test for between-group comparisons. We also performed ANOVA to compare the EGS between elite-and national-level athletes within each group of endurance and power athletes. Furthermore, we performed one-way analysis of covariance to examine the EGS difference between groups after adjusting for sex and age (entered in the model as covariates). We evaluated the ability of the EGS to correctly classify potential endurance athletes from non-athletes (0= non-athlete, 1 = endurance athlete) by receiver operating characteristic (ROC) curves (Zweig and Campbell, 1993) . We calculated the area under the ROC curve (AUC) and 95% confidence intervals (95%CI). Finally, we used binary logistic regression to study the relationship between EGS and endurance athletic status.
Finally, we investigated whether all six polymorphisms are actually better than any lesser combination. We conducted stepwise multivariate logistic regression, where genotypes were analysed as a recessive trait, and were entered as independent variables. The phenotype (athlete group) was entered as dependent variable, where the control group was coded as 0 (reference group), the endurance group was coded as 1 and the power group was coded as 2. The goodness of fit of the model was evaluated using Hosmer-Lemeshow statistic and its accuracy was assessed by calculating the area under the Receiver Operating Characteristic (ROC) curve (AUC) with 95% confidence intervals (CI). All statistical analyses were performed with the PASW (v. 18.0 for WINDOWS, Chicago). For all polymorphisms, the general cycle of PCR consisted of denaturation at 94°C for 5 min, 35 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min, extension at 72°C for 1 min, and a final extension step of 10 min at 72°C. All restriction enzymes were obtained from New England Biolabs (Beverly, MA, USA). 3. Results Table 3 shows the genotype frequencies for the three study groups. The typical frequency of 'optimal' genotype for each polymorphism in Israeli (Caucasian) population is shown in Table 4 . The probability of a given Israeli (Caucasian) individual possessing an 'optimal' polygenic profile for endurance athletic status was 43% when considering just one polymorphism (the AA genotype for the NRF2 rs12594956 polymorphism) and it was reduced to~0.9% and to 0.044 when adding a second (rs7181866) and third (rs8031031) polymorphism, respectively. The probability of an Israeli individual for possessing an 'optimal' polygenic profile was 0%.
The mean EGS was significantly higher in endurance athletes compared with controls and power athletes (both P b 0.001) whereas the EGS was similar (P= 0.964) between the latter two groups (Fig. 1) . The EGS tended to be higher in elite-level endurance athletes compared with endurance athletes of national-level (44.6 ± 21.7 vs. 36.9 ± 14.6 respectively, P = 0.084), whereas there were no differences between elite and national power athletes (27.9 ± 13.9 vs. 29.5 ± 9.7 respectively, P = 0.536). The results did not change when the analyses were adjusted for sex and age (data not shown). We observed that three (4.1%) endurance athletes (all of elite-level) had 5 optimal endurance genotypes, versus 0 subjects in the other two groups (Table 4 ). To note is that these three athletes with 5 optimal genotypes were among the very best competitors in the elite endurance group, i.e. top 1 in 10,000 m (28 min 37 s) and top 2 (2 h 14 min 52 s) and 4 in marathon (2 h 15 min 45 s). It is also noteworthy that none of the endurance athletes had an 'optimal' endurance genotype profile.
The ROC analysis showed a significant discriminating accuracy of EGS in identifying an endurance athlete (AUC = 0.634; 95%CI: 0.561-0.707; P b 0.001; sensitivity: 0.716, specificity: 0.454) (Fig. 2) . The corresponding EGS value at this point was 27.16. Logistic regression analysis showed that subjects with EGS above 27.16 had an increased odds ratio (OR) of being an endurance athlete when compared to those with an EGS below this value (OR: 2.10; 95%CI: 1.193-3.697; P =0.010).
The frequency distributions of EGSs derived from 240 non-athletes (controls) and that obtained from 74 Israeli endurance athletes, and 81 Israeli power athletes are depicted in Fig. 3 .
The results of the stepwise multivariate logistic regression for the comparison of controls vs. endurance athletes indicated that two polymorphisms were significantly associated with endurance performance: NRF2 A/G (OR, 2.044, 95%CI: 1.189-3.514) and PPARGC1A Gly482Ser (OR, 6.952, ). The multivariate model combining genotypic data significantly predicted endurance performance (model χ 2 = 6.682, d.f. = 1, probability value 0.01), and variance explained by the function was 8.3% (Nagelkerke´s pseudo-R 2 ). The ROC analysis showed a significant discriminating accuracy of the model, with an AUC = 0.63 (95% CI: 0.547-0.699). When comparing endurance vs. power athletes, the model included three polymorphisms significantly associated with endurance performance: NRF2 A/C (OR, 2.222, 95%CI: 1.129-4.374), NRF2 A/G (OR, 7.946, 95% CI: 0.952-66.300), and PPARA intron 7 G/C (OR, 7.010, 95%CI: 0.913-60.457). The multivariate model combining genotypic data significantly predicted endurance performance (model χ 2 = 4.522, d.f. = 1, probability value 0.03), and variance explained by the function was 15.8% (Nagelkerke´s pseudo-R 2 ). The ROC analysis showed a significant discriminating accuracy of the model, with an AUC = 0.66 (95% CI: 0.575-0.747).
Discussion
This is a novel study on the mitochondrial biogenesis related endurance polygenic profile of competitive athletes of the same ethnic Data obtained from a data set of 50 000 hypothetical Israeli individuals, each with a randomly generated genetic profile (for all 6 polymorphisms) based on the typical frequency of each genotype. See text for gene abbreviations. Polymorphisms are sorted in alphabetical order. Fig. 1 . Endurance Genotype Score in endurance athletes, power athletes, and non-athletes (controls). ⁎ P b 0.001 for endurance vs. power and control. P = 0.964 for power vs. control. origin (Caucasian, Israelis). One major finding was that the probability for the occurrence of individuals with the 'optimal' polygenic profile for mitochondrial biogenesis (EGS = 100) is very low, that is, 0% in the Israeli population, including Olympic-level athletes. In fact, the EGS distribution was shifted to the left (mean EGS b 50) in all three groups (Fig. 3) , i.e., far from the 'optimal' score. Though three controls and one power athlete had four optimal genotypes (vs. n = 0 in the elite endurance athlete group), the only three study participants with five optimal endurance genotypes were elite endurance athletes; in addition, the mean EGS was significantly higher in endurance athletes than in the other two groups, and also tended to be higher in elitelevel endurance athletes compared with their peers of lower (national) level. When we investigated the question of whether all six polymorphisms are actually better than any lesser combination, we found that when comparing the endurance vs. the control group, only two polymorphisms were associated with endurance performance: NRF2 A/G and PPARGC1A Gly482Ser. When comparing the endurance vs. the power group, there were three polymorphisms associated with endurance performance: NRF2 A/C, NRF2 A/G, and PPARA intron 7 G/C. Taken together our data suggest that, although the probability of there being humans with a theoretically 'optimal' genetic background for endurance sports is very low, the competitive performance status of endurance athletes is most likely not only the result of stringent training regimens. Such performance would seem to arise from the interaction between environmental factors (i.e., years of intense training stimuli) and an overall 'favorable' (though not necessarily 'optimal') genetic endowment. This is in agreement with recent findings with other Caucasian (Spanish) athletes (Ruiz et al., 2009 Santiago et al., 2010) . On the other hand, to note is that those polymorphisms for which we found greater differences between endurance athletes and controls (i.e., greater frequency of individuals with a GS of 2) were the three polymorphisms in NRF2, and PPARGC1A Gly482Ser (Table 4 ). Although the reason for this finding is not apparent given the key role of each of the four genes we studied in mitochondrial biogenesis, the PPARGC1A gene could play the most important influence in human aerobic capacity since this gene is a coactivator of the subset of OXPHOS genes that control mitochondrial biogenesis, glucose and lipid transportation and oxidation, and skeletal muscle fiber-type formation (Terada and Tabata, 2004; Tunstall et al, 2002) . The fact that exercise training increases PPARGC1A mRNA levels, and that transgenic over-expression of PPARGC1A mRNA corresponds with an increased resistance of contracting muscle to fatigue (Lin et al., 2002) , indicate that PPARGC1A and exercise are part of a co-regulatory feedback loop (Lucia et al., 2005) .
Identifying genetic profiles associated with exercise endurance capacity and with mitochondrial biogenesis (involving the PPARGC1A-NRF-TFAM pathway) is of interest not only from a sports performance point of view, but also from a broader health perspective, especially in our ageing, sedentary western societies. Indeed, mitochondrial biogenesis is critical for the normal function of cells (Vina et al., 2009) and the PPARGC1A-NRF-TFAM pathway is impaired by chronic physical inactivity. This can result in reduced muscle aerobic capacity (which is in itself an important health indicator), increased tendency for mitochondrially mediated apoptosis, and, ultimately, accelerated sarcopenia (Vina et al., 2009 ). Further, research on animal models shows that impaired mitochondrial function (due to decreased amounts of transcription factors required for mitochondrial biogenesis) might be the link explaining the association between low fitness levels and increased cardiovascular/ metabolic disease risk (Wisloff et al., 2005) . In contrast, regular exercise can ameliorate muscle aerobic capacity, attenuate sarcopenia and reduce disability and mortality risk over the entire lifespan (Chakravarty et al., 2008; Vina et al., 2009 ). More research, including the analysis of other polymorphisms, is thus necessary to identify genetic variants that help explain individual variability in the magnitude of beneficial exercise-induced mitochondrial adaptations.
We also observed that the mean EGS was significantly higher in endurance than in power athletes, whereas the latter had an EGS similar to that of the general population. In addition, the ROC analysis showed a significant discriminating accuracy of the EGS model in identifying an endurance athlete (i.e., vs. a power athlete), and logistic regression analysis showed that subjects with EGS above 27.16 had~2 times more possibilities of being a competitive endurance athlete than those with lower scores. Thus, an important finding of our EGS model is that, from a genetic point of view, a distinction can be made between athletes excelling in endurance or 'aerobic' sports vs. those more suited for power/sprint events. It seems unlikely to find an individual with a polygenic profile suitable to excel in both power and endurance sport events, as is also supported from recent data . Such genotype distinction (endurance vs. power) can be attributed to the fact that the phenotype traits that determine performance in both types of events are probably different. For endurance sports, oxidative metabolism adaptations and thus mitochondrial biogenesis are limiting factors whereas other muscle phenotypes (including the ability to produce fast, powerful muscle contractions through the rapid energetic supply of anaerobic pathways) are more important for power athletes. In fact, there seems to exist a "trade-off", achieved through human evolution by balancing natural selection, between sprint and endurance phenotypic traits; as such, an individual would be inherently predisposed toward performance in either sprint/power or endurance events (Garland et al., 1990) .
On the other hand, our study is not without limitations. The major drawback comes from the fact that we did not assess phenotypes that are indicators, at least indirectly, of muscle mitochondrial function, notably maximum oxygen uptake (VO 2max ). This variable reflects maximal rates of oxygen utilization (and maximal sustainable rates of oxidative ATP production) in skeletal muscle (Levine, 2008) ; it is also a strong marker of population-based fitness and disease/mortality risk (Blair et al., 1996; Myers et al., 2002) . Further research is thus necessary to determine the association between the EGS and VO 2max in athletic and non-athletic cohorts. This approach would help improve the knowledge on the heritability of muscle oxidative potential.
In summary, we studied six candidate polymorphisms associated with mitochondrial biogenesis (NRF2 A/C, rs12594956; NRF2 A/G, NRF2 C/T, PPARA intron 7 G/C, PPARD C294T, and PPARGC1A Gly482Ser) and computed a polygenic profile that seems to distinguish elite endurance athletes from both power athletes and the non-athletic population. It is noteworthy that the possibility of a given Israeli (Caucasian) individual possessing a theoretically 'optimal' mitochondrial biogenesis related endurance polygenic profile for endurance sports performance and for the polymorphisms we studied is almost non existent. However, endurance athletes are in general favoured by a polygenic profile that is more suitable for mitochondrial biogenesis.
